The application of core-shell Si-SiO 2 nanowires as nanoelectronic devices strongly depends on their structure, which is difficult to tune precisely. In this work, we investigate the formation of the core-shell nanowires at the atomic scale, by reactive molecular dynamics simulations. The occurrence of two temperature-dependent oxidation mechanisms of ultra-small diameter Si-NWs is demonstrated. We found that control over the Si-core radius and the SiO x (x # 2) oxide shell is possible by tuning the growth temperature and the initial Si-NW diameter. Two different structures were obtained, i.e., ultrathin SiO 2 silica nanowires at high temperature and Si core|ultrathin SiO 2 silica nanowires at low temperature. The transition temperature is found to linearly decrease with the nanowire curvature. Finally, the interfacial stress is found to be responsible for self-limiting oxidation, depending on both the initial Si-NW radius and the oxide growth temperature. These novel insights allow us to gain control over the exact morphology and structure of the wires, as is needed for their application in nanoelectronics.
Introduction
Small-diameter (<10 nm) Si-NWs are potentially very attractive because of the quantization of the electronic structure.
1,2 Normally, such Si-NWs are obtained by oxidizing a large nanowire and subsequently removing the oxide layer. [3] [4] [5] Such oxidation can reduce the Si-NW diameter below the Bohr exciton radius to obtain visible photoluminescence due to quantum connement effects. Interestingly, in this case, the band gap becomes size dependent and increases as the size of the nanostructure decreases, which indicates the possibility of developing Si-NW materials with a controllable band gap.
1 For these and other applications to occur, obtaining an accurate control over the oxidation process is critical, which, however, is difficult to achieve. 6 This requires a fundamental understanding of the oxidation mechanism of such small Si-NWs, which may be signicantly different from the existing mechanisms for micrometer sized Si-NWs.
7,8
In microelectronics, self-limiting oxidation of Si nanowires and spheres at the micrometer scale is of considerable concern, for instance for the design of metal-oxide-semiconductor (MOS) devices, 2, [8] [9] [10] [11] [12] [13] [14] such as wrap-gated 15 and top-gated 9 FETs or photovoltaic cells. 16 The oxidation behavior in this micrometer regime has been successfully modeled by Kao et al. for the case of wet Si-NW oxidation. 8 However, the oxidation behavior during dry oxidation has not yet been properly investigated. Furthermore, such studies for ultra-small diameter Si-NWs begin to appear only now.
10
Once the self-limiting oxidation is established for small SiNWs, the understanding of the stress dependence and the nonconservative nature of the oxidation process will be useful for controlling non-planar oxidation large scale integrated processes. 11 The residual stress results in self-(or stress-) limiting oxidation when the strain energy at the interface is larger than the energy gain for the ambient oxygen to diffuse into and oxidize the inner Si. Because the oxide should expand more to accommodate the volume expansion in thinner Si-NWs, the self-limiting oxidation is more signicant in Si-NWs with smaller diameters. 11 According to the Kao model, 8 compressive stresses normal to the Si|SiO 2 interface reduce the interfacial reaction rate compared to a planar Si surface, whereas tensile stresses generated within the oxide shell reduce the effective oxide viscosity and enhance the oxygen diffusivity and solubility. 6 However, such stress behavior may change in the oxidation of Si-NWs at the nanoscale, as the shape of the nanowire changes accordingly from circular to polygonal with increasing curvature. Thus, stress results at the nanoscale may disagree with the conclusions for Si-NW oxidation at the microscale due to this "curvature effect". oxidation process have not been properly studied yet. In this paper we therefore focus on the oxidation of ultra-small Si-NWs in order to unravel these effects during and aer oxidation at the atomic scale. We will specically discuss the ability to control the Si-core radius and oxide sheath thickness by dry thermal oxidation of (100) Si-NWs with initial diameters 1.0-3.0 nm in the temperature range of 300-1200 K.
Computational details

ReaxFF potential
Oxidation of ultra-small Si-nanowires is studied using reactive molecular dynamics (MD) simulations, employing the Reactive Force Field (ReaxFF).
18,19
ReaxFF is a classical force eld with parameters optimized against both experimental and quantum mechanical (QM) data for reaction energies, reaction barriers and conguration energies as well as geometrical and structural data. ReaxFF accurately simulates bond breaking and bond formation processes, commonly approaching QM accuracy. Thus, ReaxFF serves as a link between QM and empirical force elds. 20 ReaxFF is based on the concept of the bond length-bond order/bond order-bond energy relationship. 21 The total system energy consists of partial energy terms related to bond energies, lone pairs, undercoordination, overcoordination, valence and torsion angles, conjugation, hydrogen bonding, as well as van der Waals and Coulomb interactions and so on.
19
ReaxFF can currently describe tens of elements and their combinations and its generic nature ensures its applicability to a wide range of materials and processes. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] In this work, we use the force eld parameters employed by Buehler et al. 33 This force eld was trained extensively against both Si and SiO 2 phases. Although SiO x (x < 2.0) suboxide phases were not included explicitly in this training set, our previous results on a planar Si|SiO 2 interface including these Si suboxide species were in good agreement with both experimental and DFT results. 34 A detailed description of the force eld can be found elsewhere.
19,33-35
Our choice for ReaxFF is based on the fact that it has been parameterized to describe deformations and strains 36, 37 including bond breaking and formation, and its ability to accurately describe the expansion of the crystal during the oxide formation process.
Simulation details
In Fig. 1a , ideal (0 K) and thermalized (300 K and 1200 K) structures of the Si (100) nanowires (Si-NWs) with a diameter in the range 1-3 nm are shown. In Fig. 1b , the top view of the {110} and {001} facets in the 2.5 nm diameter Si-NW is illustrated. In our calculations, the nanowire diameter d 0 corresponds to the averaged distance between the center of mass of the wire and the positions of the surface atoms in the radial direction in the (x,y) plane. A periodic boundary condition is applied along the z-axis, which corresponds to a unit cell length of 1 nm, to mimic an innitely long nanowire. In reality, however, Si-NW have nite lengths, and longer than 1 nm. In order to test the "length effect" we have performed a number of test calculations for 1 nm diameter Si-NWs having different lengths (1 nm, 5 nm and 10 nm). The results showed that the oxidation mechanism is identical in all cases although the shapes are slightly different. Thus, we choose the 1 nm length Si-NW to minimize the computational time.
Prior to oxidation, the ideal Si(100) NWs are equilibrated at 10 temperatures ranging from 300-1200 K in steps of 100 K for 40 ps, using the isothermal-isobaric ensemble (i.e., NpT dynamics) 39 with temperature and pressure coupling parameters of 0.1 ps and 5.0 ps, respectively. We employ the NpT ensemble to ensure the generation of a zero-pressure structure at the desired temperature. To verify that the resulting structure is effectively relaxed at the desired temperature, the obtained structures are subsequently relaxed in the microcanonical NVE ensemble for another 20 ps.
The structures at low temperatures (300-700 K) display both {110} and {001} facets, similar to the ideal samples as shown in Fig. 1a . This suggested that the faceting affects the surface reaction coefficient and subsequently the oxidation rate as well. 8, 13, 40, 41 The shapes of the NW structures at high temperatures (800-1200 K), on the other hand, become more circular (see Fig. 1a ). Si-Si bond-lengths and Si-Si-Si bond angles in all structures are close to the experimental values for small Si(100) NWs.
1
Oxygen impacts are performed as follows. Each incident oxygen molecule (r O-O ¼ 0.121 nm) is randomly positioned at 1 nm above the uppermost atom of the nanowire in the (x,y) plane. The O 2 molecule is rotated randomly prior to impact. Every impact is followed for 10 ps, aer which the next impact starts. The initial velocity vector of the incident molecule is randomized and its magnitude is set to the root-mean-square velocity corresponding to the oxidation temperature. During the impacts, NpT dynamics are applied to allow for a volume expansion due to the oxidation process, as mentioned above.
Stress calculation details
During and aer oxidation, Cauchy atomic stresses were calculated as the virial stress for pristine Si and the oxide sheathed Si nanowires. 42 The local stress is calculated by dividing the nanowire structure into small rectangular boxes. 43 The stress tensor has 6 components for each atom and is stored as a 6-elements vector in rectangular Cartesian coordinates (x,y,z): s xx , s yy , s zz , s yz , s zx , and s xy . The local tensor of each i atom is dened as
where U is the volume of the rectangular box, F ik is the vector of the force acting on atom i due to atom k, which are separated from each other by the vector r ik . N is the total number of neighbors of atom i. 
The local stress in each box is calculated by averaging the atomic stresses of the atoms included in the box.
For all stress calculations, the structures were rst equilibrated at 0.01 K using NpT dynamics, to remove the kinetic energy part from the stress calculation. Subsequently, the total energy was minimized using the steepest descent and conjugate gradient techniques. 45 
Temperature-dependent oxidation mechanism
The dry oxidation behavior of a 2 nm diameter ultrasmall Si-NW is illustrated in Fig. 2 , showing the oxide formation and growth process of the nanowire as a function of the O 2 uence at (a) low (300 K) and (b) high (1200 K) temperature. The time evolution of the formation and growth of the oxygenated silicon is studied by observing the variation of the silicon sub-oxide components (Si i+ , i # 4) in order to easily compare with experiment (i.e., Si-2p photoemission spectra 46 ) and validate our results. Prior to oxidation, only Si 0 components are found, i.e., Si-O bonds do not exist in the Si-NW (Fig. 2, initial In the stage between 2 ML and 10 ML, the oxide growth process at low temperature is almost entirely stopped due to the energy barrier, interfacial stresses and lowered diffusivity of the penetrated oxygen species. This also leads to the appearance of some overcoordinated silicon (Si 5+ ) species in the SiO 2 region, 10,47 albeit at low concentration (see Fig. 2a ). The silica contains a number of O-O peroxyl bonds as well (see Fig. 2 , red triangles), 48 which also play a role in the appearance of Si 5+ in the oxygenated Si-NW. A similar effect was also suggested by DFT calculations by analyzing various defects during planar Si oxidation.
34,47,49,50
Starting from 10 ML, the number of peroxyl linkages and ve-fold coordinated silicon atoms increases and they spread in the whole silica region. This indicates that Si-NW oxidation is only continued by diffusing oxygen species. Therefore, the duration of this process is much longer than the initial oxidation stage. Indeed, the oxidation rate not only depends on the surface reaction coefficient, but also on the transfer and diffusion coefficients. Such an oxidation behavior is also explained in depth by Kao and co-workers in their micro-scale model. the slow oxidation stage (see 10 and 40 ML in Fig. 2a) . Such an oxidation behaviour was not reported in wet oxidation of SiNWs. 8 A similar oxidation behaviour is also observed at high temperature (40 ML, Fig. 2b ), albeit its contribution is small compared with the low temperature case. Although the oxide growth continues, the Si-core radius remains constant at low temperature aer 40 ML. At high temperature, some oxygen species penetrate into the Si-NW center already at 10 ML. In the nal oxidized nanowire (Fig. 2b, 100 ML ) can be found in the nal structure aer 100 ML, as is illustrated in Fig. 2a . However, such intermediate structures, i.e., overcoordinated Si atoms and peroxyl linkages, are only found on the silica surface, and not in the whole silica region, indicating that the oxide growth by diffusing oxygen species has entirely stopped.
Finally, at the end of the oxidation process, two different structures are obtained (Fig. 2, nal structures) . The overall spread in the radial distribution function (RDF), angle and mass density distributions conrms that the initially crystalline silicon (c-Si) nanowire converts into either a silicon-silica (c-Si| SiO x |a-SiO 2 ) nanowire at a low temperature (300 K) or an amorphous silica (a-SiO 2 ) nanowire at a high temperature (1200 K). This was also reported in our previous work, as well as in the literature.
10,51 The formation of the structure obtained at low temperature can be explained by self-limiting oxidation, 8, 11 as will be further explained below.
Ultra-small Si|SiO x |SiO 2 nanowires
As mentioned in the previous section, and as illustrated in Fig. 3 , two types of nanostructures are ultimately obtained, i.e., c-Si|SiO x |a-SiO 2 (typical at low temperatures) and a-SiO 2 nanowires (typical at the higher temperatures). Only the 1 nm diameter Si-NW (not shown in Fig. 3) completely converts into the a-SiO 2 nanowire at all temperatures. In Fig. 3a , all nally obtained core shell c-Si|SiO x |a-SiO 2 structures are shown. At temperatures above 800 K, all obtained structures are fully amorphous and are therefore not shown. The gure illustrates that both the Si-core radius (r) as well as the Si-NW radius (R) depend on the d 0 diameter and inversely depend on the oxidation (or oxide growth) temperature T, i.e., rðor RÞ e d 0 T . We found that the maximum radius of the Si-core is about 0.26 nm, 0.46 nm, 0.65 nm and 0.91 nm for 1.5, 2, 2.5 and 3 nm diameter Si-NWs, respectively, at 300 K. Due to the increasing diffusivity and mobility of the penetrated oxygen atoms, the core radius drops with rising temperature. While the growth temperature increases, the Si-core radius decreases to zero (r / 0) and consequently the nanowire converts into a pure SiO x (x # 2) nanowire at a certain "transition temperature" (T trans ). Thus, for a given nanowire diameter, T trans is the temperature above which amorphous silica (a-SiO 2 ) is obtained, and below which core-shell c-Si|SiO x |a-SiO 2 nanowires are obtained. From Fig. 3a it can be seen that T trans is roughly equal to 500 K, 600 K, 700 K and 800 K for Si-NWs with diameters of 1.5 nm, 2 nm, 2.5 nm and 3 nm, respectively. This clearly demonstrates that control over the Si-core radius is possible by selecting the appropriate initial diameter of the Si-NW and the growth temperature.
The nal radii of the c-Si|SiO x |a-SiO 2 nanowires, as obtained in our MD calculations, can be compared with a theoretical derivation, to which also most experimentalists compare their results:
where r 0 , r and R 0 , R are the initial and nal radii of the Si-core and oxidized Si-NW, respectively; L is the Si-NW length; U SiO 2 is the molecular volume of SiO 2 ($45Å 3 ) and U Si is the atomic volume of Si (20Å 3 ). Prior to oxidation, initially r 0 ¼ R 0 . From (3), the following formula including this initial condition can be obtained:
The relationship between the nal Si-NW (R) and Si-core (r) radii for partially oxidized structures can be calculated by means of this formula. The results are presented in Fig. 3b (grey curves) . It can be seen in the gure that most of our MD results are fairly close to this theoretical calculation. Furthermore, this indicates that at low temperature, the oxidation process does not strongly depend on the diffusion coefficient and is only a function of the surface reaction rate, which depends on the normal stress rather than on the temperature. Especially in the cases above 2 nm diameter, this effect clearly appears: at all temperatures below the transition temperature, the diamonds (d 0 ¼ 2.5 nm) or pentagons (d 0 ¼ 3 nm) are close to each other, close to the lower dotted line, indicating that the oxidation hardly changes between these temperatures. Increasing the temperature to above the transition temperature, however, results in a strong increase in the oxidation, as indicated by the datapoints lying close to the upper dotted line. Note that this effect is not observed in the Si-NWs with a higher curvature (d 0 < 2.5 nm).
Indeed, it was previously suggested that compressive stresses at the Si|SiO 2 interface signicantly slow down the reaction rate, 8, [11] [12] [13] and furthermore, that a compressive pressure in SiO 2 can reduce the oxidant diffusion and transport. 
Stress evolutions during self-limiting oxidation
We rst calculated the stresses (normal or radial s rr , tangential sand axial s zz ) in the pristine Si-NWs. Our calculations show that although all pre-oxidation stresses change depending on the crystal orientation and nanowire curvature, their values are very small and close to the previously suggested values.
8
Although the average values of the s rr and sstresses are compressive, their contributions to reducing the Si-O reaction rate are negligible.
In Si-NW oxidation, two key factors can be discerned: (1) oxygen diffusion in the SiO x (x # 2) oxide region, characterized by the diffusion constant D; and (2) reaction with the Si-core, characterized by the reaction rate constant k s . 8 These two parameters also strongly depend on the hydrostatic pressure p (i.e., the obtained oxide can be considered as a uid with high viscosity 8 ) and the normal stress s rr at a given temperature, respectively. According to uid mechanics, the pressure is equal to the average total s rr on a control volume in the uid and it is found as p ¼ À 1 2 ðs rr þ sÞ.
52
Fig . 4 presents the normal stress and (hydrostatic) pressure evolution during oxidation for a Si NW with d 0 ¼ 2 nm at 300 K. The compressive stress (or pressure) is presented as a positive value and the tensile stress (or pressure) as a negative value. Our calculations show that in the initial oxidation stage (0-2 ML), s rr and p are tensile on average and uctuate around 0 GPa. This permits oxygen to react easily with the Si-crystal aer diffusing through the SiO x region. As a result, the oxidation rate rapidly increases in this oxidation stage. Because of the increasing reaction rate, the stress in the Si-core initially increases slightly. In this period, the oxygen atom or molecule penetrates deeper into the crystal, depending on the energy barrier of the Si surface and sub-surfaces. Consequently, the consecutive Si 1+ / Si 2+ / Si 3+ / Si 4+ conversion leads to a gradual expansion of the Si crystal. Specically, when the oxide layer becomes continuous, the volume expansion resulting from the silicon oxidation is restrained by the silicon itself. This is similar to the compressive stress resulting from epitaxial growth of a lm with a lattice parameter larger than the substrate. 51 When a SiO 2 oxide layer appears (aer 2 ML) the oxygen diffusivity signi-cantly decreases due to compressive s rr and p and the reaction rate is drastically reduced. It is also theoretically suggested that a compressive p reduces the solubility of the oxygen molecule in SiO 2 as it raises the potential energy of the molecule in its interstitial site, whereas a tensile p increases its solubility for the opposite reason.
12 Indeed, such compressive p and s rr may also signicantly reduce the oxidant transport in the oxide region.
When the slow oxidation stage starts (2-10 ML), the nanowire can be divided into three parts (see Fig. 2 above) : a crystalline Si-core (c-Si), a partially oxidized Si region (SiO x , x < 2) and a fully oxidized Si or silica (SiO 2 ) region. It is clear from Fig. 4 that the s rr is tensile in the SiO x (x < 2) oxide and at the SiO 2 surface, whereas it is compressive in the SiO 2 bulk and at the c-Si|SiO x interface in the slow oxidation stage (i.e., $10 ML). Note that the oxygen contribution in the stress calculation may affect the image clarity of the stress distribution in the nonstoichiometric oxide region where somewhat higher tensile stresses appear. Nevertheless, the oxygen reaction rate is high and this indicates that the stress in this region should be tensile rather than compressive. On the other hand, at the interface, the compressive normal stress gradually increases from 1.6 GPa to 2.0 GPa and 3.0 GPa aer 10 ML, 40 ML and 100 ML, respectively. Finally, the Si-core stress decreases again while the interfacial stress is constant at about 3 GPa as shown in Fig. 4 (100 ML). Some classical continuum analysis concluded that such compressive stress in the silicon core signicantly slows down the oxidation. 
Interfacial stresses
The self-limiting behavior of the Si-NW oxidation strongly depends on the aforementioned "interfacial stresses", [12] [13] [14] 53 which correspond to the stresses in the outer Si shell and the oxide shell near the Si|SiO x interface. The interfacial stresses, which can also be thought of as a combination of chemical and mechanical (physical) stresses, 54 play an important role in the reliability of gate oxides with its ultrathin interface. 55 Fig . 5 shows the interfacial stress as a function of the initial Si-NW diameter and the oxidation temperature. Our calculations predict that when the temperature increases the stress decreases. As shown in Fig. 5b , the average values of the residual stresses at the interface are 3.2 GPa, 3.0 GPa, 2.6 GPa, 2.2 GPa, and 2.04 GPa at 300 K, 400 K, 500 K, 600 K and 700 K, respectively, for the 2.5 nm Si-NW. Such a temperature dependent behavior of the interfacial stress is consistent with previous theoretical work of Si-NW oxidation. 8 The same authors also proposed that the stress is higher for smaller radii and they explained that the deformation of a small structure requires more rearrangement. However, our nanowires are all very small and the obtained results are opposite to this theoretical suggestion. Indeed, our calculations predict that the 1.5 nm diameter Si-NW exhibits a somewhat smaller compressive stress than the other nanowires (Fig. 5a ). To be exact, the averaged interfacial stress of the NWs at 300 K is calculated to be 2.9 GPa, 3.0 GPa, 3.2 GPa, and 3.5 GPa for the NWs with 1.5 nm, 2 nm, 2.5 nm and 3 nm diameter, respectively. This phenomenon of a residual compressive stress decreasing with rising curvature was also reported by Kim et al. 17 Following these authors, the non-oxidized Si-core of smaller Si-NWs with diameters in the sub-10 nm range deforms more to compensate for the volume expansion of the surface oxide layer, resulting in a smaller compressive stress. Furthermore, we also suggest that crystal orientation effects may play a role to develop this phenomenon.
The distribution of interfacial stresses around the Si-core in the (x,y) plane is also presented in Fig. 5c . As shown in the gure, the compressive interfacial stresses at room temperature are signicantly higher than the stresses of its Si-core. Such compressive stresses signicantly reduce the oxygen reaction with Si near the planar Si|SiO 2 interface, which was investigated using high-resolution transmission electron microscopy (HRTEM) analysis. 56 Indeed, these residual stresses are relatively high at a low temperature (e.g., 300 K) in ultra-small SiNWs and therefore their effect is signicant in self-limiting oxidation.
10,11 Thus, it is observed from our calculations that accurate control of the interfacial stress by choosing a suitable temperature and Si-NW diameter can lead to accurate control over the Si-core radius at the nanoscale.
Conclusions
Oxidation of ultra-small Si nanowires with initial diameters in the range 1 nm to 3 nm was studied using reactive molecular dynamics. We studied the temperature-dependent dry oxidation mechanism of small Si-NWs at low (300 K) and high (1200 K) temperatures. The oxidation mechanism is discussed in comparison to wet oxidation of micrometer sized Si-NWs and other mechanisms of planar Si oxidation. Diffusion of O-O bridge linkages is also discussed. Although their contribution is small, they may play a role in a diffusion-dependent oxidation process.
At the end of the oxidation two types of structures are found: at low temperatures, c-Si|SiO x |a-SiO 2 nanowires are formed, while a-SiO 2 nanowires are formed at higher temperatures. The transition temperature between both regimes was found to increase with the NW diameter. Indeed, for the 1.5 nm, 2 nm, 2.5 nm and 3 nm diameter Si-NWs, the transition temperature was found to be about 500 K, 600 K, 700 K and 800 K, respectively. The nal radii of the c-Si|SiO x |a-SiO 2 nanowires are close to the theoretically suggested radii. Our calculations predict for the partially oxidized c-Si|SiO x |a-SiO 2 nanowires that the Si-core (c-Si) and the total nanowire radius depend on the initial Si-NW diameter and inversely depend on the oxidation temperature.
Stress calculations were also performed to study the selflimiting nature of the oxidation of these ultra-small nanowires. It is found that a compressive pressure and stress may signi-cantly reduce the oxidant transport in the oxide region and its reaction with the Si-core. Stresses at the interface were also analyzed. Specically, when the temperature increases, the interfacial stresses decrease. This is consistent with previous theoretical work. However, we also found that the compressive interfacial stresses decrease with increasing curvature for the 1-3 nm Si-NWs investigated, which is in contrast to the theoretical suggestions for Si-NWs at the micro-scale.
Generally, we can conclude from our simulations that an accurate control over the interfacial stress by choosing a suitable oxidation temperature and a Si-NW diameter can lead to a precise control over the Si-core radius at the nanoscale regime.
